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Abstract: Changes were found in the cell wall composition of lucerne after ensiling
at three different dry matter (DM) contents. The amount of protein associated
with cell walls was reduced during ensiling, regardless of inoculation level, by
4668 %, whereas protein associated with the lignin residue was reduced to a lesser
extent (< 40%). The effect of ensiling on individual sugars of the cell wall varied.
Uronics of the cell wall were decreased by 12 % with wilted silages (290 g DM kg™)
but were unchanged in a higher dry matter silage (401 g DM kg™') and silages with
a limited pH change during ensilage. The arabinose and galactose contents, as a
fraction of cell walls, decreased (15-24 %), increasing glucose and xylose contents
proportionally. Inoculation decreased arabinose and galactose contents early in
the fermentation when the pH decline was enhanced but final values were not
significantly different (P > 0-32). Removal of the sugars from the cell wall appears
to be related to pH because silages with little pH change had no change in the cell
wall sugars and inoculation reduced the cell wall sugars only after silage pH
declined.
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INTRODUCTION

Ensiling of lucerne is a major conservation method for
the production of ruminant feeds in the US. Changes in
the cell walls of lucerne during ensiling may alter the feed
value of the silage. Research on grasses has demonstrated
hemicellulose to be degraded by both plant enzymes and
acid hydrolysis (Dewar et al 1963; Morrison 1979). This
degradation during ensiling has resulted in reduced
neutral detergent residue of grass silage as compared to
initial herbage (Chestnut et a/ 1988 ; Spoelstra 1990). A
study evaluating the fermentation effect on the cell walls
of wilted lucerne observed a different effect (Morrison
1989). Morrison (1989) reported a small reduction in the
sugars comprising the hemicellulose fraction but ob-
served a greater reduction in cellulose. The discrepancy
of the ensiling effect on cell walls of grasses and lucerne
was attributed to difference in the cell wall structure.
However, studies utilizing lucerne hay and silages
(30-35% DM) suggest that the hemicellulose fraction

* To whom correspondence should be addressed.

(determined by neutral-detergent fiber (NDF) residue
minus acid-detergent fiber (ADF) residue) is degraded
during ensiling, but cellulose (ADF residue minus lignin
residue) is not degraded (Nelson and Satter 1990).
Further clarification of the fermentation effect on cell
wall components of lucerne is required.

In a summary of studies where bacterial inoculants
significantly affected the fermentation of grass and
lucerne, DM digestibility was enhanced (P < 0-10) in
53 % of the trials (Muck and Bolsen 1991). The arabinose
residues are acid labile (Timell 1965; Morrison 1979) and
reduced substitutions of arabinose on xylans have
increased rumen degradation of xylans (Brice and
Morrison 1975). This suggests that the effect of in-
oculation on digestibility or cell wall composition could
be due to a lowered pH, enhancing acid hydrolysis of
arabinose.

Results reported in this paper show the effect of
ensiling and inoculation on cell walls of lucerne ensiled at
different dry matter contents.
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EXPERIMENTAL
Ensiling of lucerne

Experiment 1

Lucerne (Medicago sativa) was grown in a greenhouse,
harvested at bud stage and manually chopped to 2:5 cm.
To ensure the presence of lactic acid bacteria, the
chopped lucerne was inoculated with lactic acid bacteria
and ensiled into laboratory silos (sterile 100 ml poly-
propylene tubes) according to the method of Muck
(1987). The inoculum was a mixture of Lactobacillus
plantarum and Pediococcus cerevisiae (Chris Hansen’s
Laboratory, Milwaukee, W1, USA). Silos were incubated
in a 30°C water bath for 1, 2, 4, 8 and 56 days before
replicate silos were removed, frozen and stored at
—-20°C.

Experiment 2
Field-grown lucerne was harvested at bud stage in
October prior to frost damage and wilted in the field to
290 and 401 g DM kg™ herbage. Wilted lucerne was
hand chopped, inoculated and ensiled as previously
described. Inoculum was applied at two rates, a low rate
(2x 100% colony forming units (CFU) g™! lucerne) to
insure a low level of lactic acid bacteria and a higher rate
(6 x 108 CFU g™ lucerne). Silos were incubated at 30°C
and replicate silos were pulled after 1, 2, 4, 8, 16, 32 and
64 days of ensiling.

Inocula and uninoculated lucerne extracts were plated
on Rogosa agar and incubated anaerobically for enu-
meration of lactic acid bacteria (Muck 1989).

Analyses

A 25-g sample removed from each silo was diluted with
distilled water (1 g:10 ml), macerated in a blender for
30s, and filtered through two layers of cheesecloth.
Analysis of the fermentation characteristics of the silage
were completed on the water extract filtrate. A pH
reading was recorded immediately while organic acids
(Muck 1990), non-protein nitrogen (NPN), ammonia
nitrogen (NH,-N) and free amino acid nitrogen (FAA-
N) (Muck 1987) were determined on the filtrate after
freezing.

The residues were freeze-dried and ground through a
I mm screen using a Udy mill. Cell wall material was
suspended in potassium phosphate buffer (10 mM+
0-01 % NaN,) and heated for 1 h in a boiling water bath.
Samples were cooled to 60-65°C, 10 units of a-amylase
(Sigma A3403) added, and placed in a 55°C waterbath
for 2:5h. Following a-amylase treatment, cell wall
material was washed with ethanol followed by acetone
(Hatfield 1991) and cell walls collected by filtration.
Total nitrogen content of the cell wall was determined
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using the method of Hach ez a/ (1985) with the digestion
procedure of Brotz and Schaeffer (1984). Cell wall
material was hydrolyzed on ice in 72 % sulfuric acid for
30 min followed by a 2h incubation at room tem-
perature. Hydrolyzates were diluted to 1-6 M sulfuric
acid, capped and heated in an oven at 100°C for 3 h.
After dilution and prior to heating, an aliquot (200 ul)
was removed for determination of total uronics
(Blumenkrantz and Asboe-Hansen 1973). After heating,
internal standards (7-5 mg inositol, 5 mg 2-deoxyglucose)
were added to the hydrolyzates which were then filtered
through a glass filter (1-2 um) to collect the insoluble
residue which gives an estimate of lignin. Nitrogen (using
the above procedure) and ash (4h at 500°C) con-
tamination of lignin residues were determined. The
filtrates (1-0 ml) were neutralized with BaCO,, pelleted
by centrifugation and the solution filtered through a
glass filter (1-2 um).

In experiment 1 structural polysaccharides solubilized
by heating during the amylase treatment were recovered
after dialysis against distilled water for 24 h and analyzed
for uronics and neutral sugars (Dubois et a/ 1956). The
neutral sugars in the neutralized filtrate were estimated
by gas chromatographic separation of their alditol
acetates using inositol as the internal standard (Blakeney
er al 1983). For experiment 2, polysaccharides solubilized
by heating during the amylase treatment were pre-
cipitated in 90% ethanol. The insoluble material was
pelleted by centrifugation and solubilized in water before
determination of total uronics and neutral sugars. Lignin
residues were determined as indicated previously. Total
uronics were estimated on the diluted hydrolyzate while
neutral sugars were determined by high-performance
liquid chromatography (HPLC; Dionex Carbohydrate
System) with 2-deoxyglucose (5 mg per sample) as the
internal standard. Ions (mainly Ba**, CO,?", SO,*") were
removed from the neutralized filtrates by passing through
cation (Dowex 50W-X8 H*) and anion (Supelclean LC-
SAX Supelco) exchange columns wetted with distilled
water. All samples were adjusted to an acidic pH by the
addition of 10 ul of 1M acetic acid prior to passing
through the anion exchange columns. Samples were
loaded onto a Dionex Carbohydrate column (HPIC ASG,
10 um, 5 mm x 30 cm) at a solvent flow of 1 ml min™".
Four minutes after injection the solvent (0-01 M NaOH)
was changed to deionized water and elution continued
for a further 27 min. Individual sugars were detected and
quantified by a pulse amphoretic detector. Total re-
coveries of the neutral sugars, lignin, uronics and protein
were 95-101% of the starting material for both ex-
periments.

The unensiled lucerne was ground (1 mm) and ana-
lyzed for buffering capacity (Muck 1990), total nitrogen
and total water soluble carbohydrates (Dubois et af
1956).
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TABLE 1
Characteristics of lucerne prior to ensiling
Dry matter Crude protein  Soluble sugars  Buffering capacity
(g kg™! forage) (g kg DM) (g kg™ DM) (meq kg™ DM)
195 252 435 488
290 207 54-8 457
401 217 61-2 447
Statistics 6.5 A

The effects of inoculation and ensiling were analyzed
separately. Inoculation effect was evaluated at 1, 8 and
64 days of ensiling with the data from experiment 2. The
effect was determined within each dry matter content and
days ensiled using the model

Xy=p+vite,

where X, is the observation of the ith treatment and jth
silo, u is the population mean, v, is the effect of the
ith treatment, and ¢, is the error associated with the ith
treatment and jth silo.

The effect of dry matter content and days ensiled were
not determined due to their known effect on silage
fermentations (Pitt et al 1985; Muck 1987, 1990).

Fermentation effects were determined by comparing
the values to the unensiled lucerne with the end-point of
the ensiling period. Data from experiments 1 and 2 were
used. Data in experiment 2 were grouped across
inoculation rate since treatment means for cell wall
components were not significantly different at 64 days of
ensiling (P = 0-31). Fermentation effect was determined
within each DM content using the above model.

RESULTS AND DISCUSSION
Fermentation characteristics

Characteristics of the unensiled lucernes are shown in
Table 1. The lucerne had typical values for soluble sugars
and buffer capacity (Melvin 1965; Muck and
Walgenbach 1985; Jones et al 1991) implying that the
lucerne used in experiment 1 and the 290 ¢ DM kg?
lucerne used in experiment 2 would be limited for
fermentable substrates (Melvin 1965; Jones et al 1992).
Epiphytic lactic acid bacteria on the lucerne were
< 50 CFU g! for all DM. Inoculation increased the
number of lactic acid bacteria up to 2-8 x 10* CFU g
herbage in experiment 1, and 676 and 5-50 x 10° CFU g!
herbage for the low inoculation (LI) and high inoculation
(HI) treatments, respectively, in experiment 2. The
numbers of bacteria present in LI are typical of the
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Fig. 1. Effect of ensiling on pH and protein associated with the
cell wall fraction of lucerne at different DM values. (A) pH
decline (B) Decline of the protein associated with the cell wall
fraction of ensiled lucerne. Figure insert depicts decline of
protein during the early stages of the fermentation. Legend:
Exp 1, lucerne ensiled as fresh cut herbage (195 g DM kg™), LI-
290, wilted lucerne (290 g DM kg?) inoculated at a low rate
(200 CFU (g lucerne) ') and ensiled; HI-290, wilted lucerne
(290 g DM kg!) inoculated with a high rate (6x 106 CFU
(g lucerne)™) and ensiled; L1-401, wilted lucerne (401 g DM
kg™") inoculated at the low rate and ensiled; and HI-401,
wilted lucerne inoculated at the high rate and ensiled.

numbers present on lucerne prior to ensiling (Muck
1989).

The pH decline in the silages is shown in Fig. 1A.
Lucerne ensiled fresh had insufficient fermentable
substrates to maintain a homolactic fermentation and
low pH (see Table 4). As a result of the high pH, there
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TABLE 2
Fermentation characteristics of lucerne silages
Dry Inoculation Days pH Silage parameter®
matter level® ensiled
(gkg™") NH_-N FAA-N NPN Lactate Acetate
(gkgtotal Ny (gkgtotal Ny (gkg'total Ny (gkg' DM) (gkg DM)
195 NA 2 5-06 57 305 622 448 119
56 573 223 491 918 228 527
290 L1 2 5-85* 33 239 553 17-0* 13-5
HI 2 510 39 229 550 373 97
(0-027y (2°9) 59 (16:0) (1-27) (2:30)
LI 64 508 142 335* 713 501 447
HI 64 492 130 402 788 562 310
(0-093) (12-8) (23-2) (63-9) 473) (495)
401 LI 2 589 17* 213 498* 47+ 59
HI 2 508 20 210 415 299 45
(0-035) (0-8) (2:67) (19 an (0-81)
LI 64 4-87 107 334 599 539 252
HI 64 477 95 340 553 510 230
(0-038) 107 (71 @31 (2'53) (2:15)

*Treatments were LI—low inoculation rate, HI—high inoculation rate, NA—not applicable.
»Nitrogen parameters are NH,-N—ammonia nitrogen, FAA-N—free amino acid nitrogen, NPN—non-protein nitrogen.
cSquare root of the standard error of mean (SEM). No statistics were completed on the 195 DM kg™ silages.

* P <005

TABLE 3
Influence of rate of inoculation on cell wall components of lucerne silages

DM Inoculation Days Cell wall component
rate ensiled (mg g7! cell wall DM)

Lignin  Arabinose Galactose Glucose  Xylose

290 Ll 1 175 39-6 251 357 107
HI 1 174 383 249 361 108
(11-2) (0-62) (0-30) asn 40)
LI 8 175 384* 252 362 111
HI 8 179 344 230 370 112
(7:8) (1-21) (2-55) (19-3) 1)
L1 64 171 30-3 211 368 13
HI1 64 177 315 224 363 110
9-0) (3-14) (1-67) (6-4) 4N
401 LI 1 175 40-3* 2417 376 111
HI 1 185 378 24-1 377 116
89) 0-27) (1-00) (10-4) (3-3)
LI 8 175 37-3* 25-3* 375 107
HI 8 173 339 231 379 115
(70) 0-32) (0-40) 79) 37
LI 64 179 30-8 228 376 107
HI 64 176 325 22:1 371 113

(43) (1-19) (0-96) (53) (35)

= Square root of the standard error of mean (SEM). Statistical comparisons were made
between inoculation rates within days ensiled and DM.
* P <005,
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TABLE 4
Effect of fermentation on the cell wall composition of lucerne

DM  Days Protein contamination Cell wall component®

ensiled (mgg™) (mg g7 cell wall)
Cell wall  Lignin Lignin  Uronics Fucose Rhamnose Arabinose Galactose Glucose Xylose Mannose
material  residue
195 0 157** 193** 166 120 49 190 44-6 258 364 83 19-3
56 50 119 168 123 51 19-6 472 26:1 365 88 223
7 (5-5) 82) 27  (046) (541) (12:76) (0-73) @81 98) (427)
290 0 169** 145** 170 120* 29 13-6* 40-2**  27:5* 357 104 235
64 65 94 168 114 26 113 305 217 365 112 22'5
G 3D (7°6) 2:0) (0-18) (0-94) (2-47) (126)  (13-6) (36) (089
401 0 129** 147** 163 117 28 11-6 37-6* 26-0* 360 i1 23-6
64 70 134 167 119 2:6 11-9 316 22:4 374 111 221
(59) (3-0) 42) 19) (015 (1-28) (123) (1-19)  (11-6) 55  (091)

«Cell wall weights were corrected for contaminating protein.
®Square root of the standard error of mean (SEM).

** P <001, * P <005 between initial forage and final silage within each DM content.

was extensive proteolysis and deamination. Butyric acid
concentration of the fresh silage was < 5 mg kg DM
ruling out a clostridial fermentation. Fermentation of the
wilted lucernes, 290 and 401 g DM kg2, resulted in a
typical pH decline (Fig 1A) with the HI resulting in a
faster pH decline and higher lactic acid contents early in
the fermentation (P < 0-05), but the final silage
characteristics were not different (P = 0-12) (Table 2).
The limited response of the higher rate of inoculation on
final characteristics could be due to insufficient substrate
(Jones et al 1991), but most likely caused by the
dominance of the inoculant bacteria in both the LI and
HI treatments.

Changes in cell wall components

The proteins associated with the cell wall material have
not previously been monitored during ensiling. The
actual amount of these proteins will be dependent on the
fractionation scheme and declines during ensiling (Fig
1B). More than 50 mg crude protein per gram cell wall
were lost from the silages during ensiling, with the
195 DM silages losing the most (107 mg g~! DM). Ino-
culation level had no effect on the extent of protein loss.
Cell wall material, isolated from lucerne silages, must be
corrected for the variation in protein content prior to
comparisons on a weight basis.

The level of inoculation did alter the solubilization of
arabinose and galactose from cell walls of lucerne silages
but the effect was lost at the fermentation end-point
(Table 3). The increased solubilization seen during the
early stages in the fermentation corresponds with the
effect of inoculation on pH decline suggesting that the
solubilization is related to pH and not plant enzymes. Of
the cell wall neutral sugars, arabinose is more sensitive to

acid hydrolysis (Timell 1965). Loss of galactose from the
cell wall is due to its linkage with arabinose (Hatfield
1991). Thus, as arabinose is acid hydrolyzed, galactose is
lost. Solubilization of arabinose may alter digestibility of
the cell wall and consequently the silage (Brice and
Morrison 1982). Xylans from maturing grass were more
digestible when arabinose substitution was reduced
(Brice and Morrison 1982), although this has not been
demonstrated with lucerne. There was no effect
(P = 0-32) of inoculation rate on the following cell wall
components: lignin nitrogen, protein, hot-water-soluble
polysaccharides, fucose, mannose, rhamnose, and total
uronic content (data not shown).

Fermentation altered the cell wall components when
comparing initial composition of the cell wall with the
end-point of the fermentation (Table 4). Protein
associated with the cell wall and lignin were decreased by
fermentation. Proteolytic cleavage of these proteins after
solubilization is unknown but is likely considering the
amount of soluble non-protein nitrogen that was present
in these silages (Table 2). Cell wall polysaccharides
soluble in hot water were also reduced by fermentation
(data not shown). Uronic concentration in these
polysaccharides was reduced by 0-26-0-62 mg g™* silage
DM, a 15-27% reduction; whereas, the concentrations
of neutral sugars were reduced to a greater extent
(38-59 %) releasing 1-4 mg g ' silage DM.

Composition of the cell wall sugars released during
acid hydrolysis changed during ensiling, with extent of
change varying with silage dry matter and pH (Table 4).
Lucerne ensiled at 195 DM resulted in no changes in the
concentration of cell wall sugars. This is not surprising
considering that the final pH of the silage was 5-7. Little
acid hydrolysis of cell wall sugars could occur with only
a decrease in pH of 0-3 units.
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Cell walls from wilted lucerne responded differently to
fermentation (Table 4). Arabinose and galactose de-
creased as a component of cell walls at both 290 and
401 g DM kg!, while rhamnose decreased only at
290 DM. Loss of these sugars along with a decrease in
cell wall uronics (290 g DM kg™!) suggests that pectin
fractions of the cell wall are being affected (Hatfield
1990, 1991). Cell wall proportion of glucose and xylose at
290 DM and glucose at 401 DM increased as a result of
other cell wall sugars decreasing. The hydrolysis of
arabinose, galactose and rhamnose released 18 and
10 mg of sugar per gram cell wall of lucerne silage at 290
and 401 g silage DM, respectively. This converts to 83
and 4-5 mg non-cellulosic sugars released per gram silage
DM (460 and 450 g cell wallkg™? DM for 290 and
401 DM silages, respectively). The selective hydrolysis of
non-cellulosic sugars due to ensiling corresponds to work
with grasses (Dewar et al 1963 ; Morrison 1979) however,
previous work with lucerne is varied. Morrison (1989)
measured a decrease in glucose of the cellulosic fraction
and in xylose of hemicellulose during ensiling of lucerne
that was not found in this study. Reasons for these
discrepancies are not apparent but could be related to the
low fiber recoveries obtained in the earlier study.
Morrison (1989) did obtain the greatest reduction in
arabinose of the hemicellulose and pectin fractions
during ensiling which corresponds to the present study.
The additional loss of galactose and uronics in this study
suggests the sugars are being lost from the pectin fraction
of lucerne (Darvill et al 1980; Hatfield 1990). Arabinose
in pectin arabinans and arabinogalactans is predomi-
nately in the acid-liable furanose form and could be
acid hydrolyzed during ensiling (Darvill et al 1980). The
present results do concur with data that suggests that
neutral detergent residues of ensiled lucerne were
selectively hydrolyzed (Nelson and Satter 1990). How-
ever, since the greatest change in cell wall components
during ensiling in this study occurred with protein
associated with the cell wall fraction, changes in protein
content of the detergent fiber residues must be checked.

CONCLUSIONS

Cell wall components of lucerne were altered during
ensiling. Protein associated with cell wall carbohydrates
and lignin was significantly reduced during ensiling. This
reduction of protein must be accounted for when
evaluating cell walls or fiber components between lucerne
hays and silages or ensiling treatments. The cell wall
sugars arabinose, galactose, rhamnose and uronics were
decreased by 4-24% with the extent varying according
to DM, sugar type and pH decline. The effect of
increasing the level of inoculation on altering the cell
walls of silages appears to be that of enhancing the pH
decline which results in acid hydrolysis of the cell wall.
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Additional research is required to validate these fer-
mentation effects on lucerne cell wall material across
lucerne varieties and growing conditions.
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